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7KLVSURMHFWDLPVWRGHYHORSDQGDVVHVVPHWKRGRORJ\IRUVSDWLDOPRGHOLQJDQGH[WUDFWLQJ
LQGLYLGXDOWUHHVIURPKLJKVSDWLDOUHVROXWLRQ'LJLWDO6XUIDFH0RGHO '60V GHULYHGIURP
XQPDQQHGDHULDOV\VWHP 8$6 RUGURQHEDVHGDHULDOSKRWRV7KRVHUHVXOWVFRXOGEHXVHGIRU
PRQLWRULQJRIYHJHWDWLYHUHVSRQVHRIIRUHVWVJUDVVODQGVDQGYLQH\DUGVWRUHJLRQDODQGORFDOL]HG
IOXFWXDWLRQVLQFOLPDWHDQGVHDVRQDOLW\7KHSULPDU\REMHFWLYHRIWKLVUHVHDUFKLVWRH[WUDFW'
VSDWLDOLQIRUPDWLRQXVLQJGURQHEDVHGDHULDOLPDJHU\WKURXJKSKRWRJUDPPHWULFPHWKRGV8$6
IOLJKWVZHUHWDNHQSODFHDWSKHQRORJLFDOO\FULWLFDOWLPHVRYHUVHYHUDOORFDWLRQVRZQHGDQG
PDQDJHGE\0LVVRXUL6WDWH8QLYHUVLW\ 068 7KH''60FDQEHUHFRQVWUXFWHGIURPREWDLQHG
LPDJHVWKURXJKSKRWRJUDPPHWULFVRIWZDUH$QGWKHQDFRPSXWHUSURJUDPPLQJODQJXDJH
3\WKRQ LVXVHGWRGHYHORSDQDOJRULWKPWRH[WUDFWHYHU\VLQJOHWUHHIURP'PRGHOV)LUVW'60
GDWDLVLPSRUWHGLQWR3\WKRQDVDUDVWHUGDWDOD\HU1H[WWKHZDWHUVKHGVHJPHQWDWLRQDOJRULWKP
ZLWKWZRGLIIHUHQWLPDJHILOWHULQJLVXVHGIRUVLQJOHWUHHH[WUDFWLRQDQGWKHDFFXUDF\FRPSDULVRQ
LVFRQGXFWHGEHWZHHQWKHWZRPHWKRGV7KHQXPEHURIWKHWUHHVFDQEHXVHGWRFDOFXODWH
YHJHWDWLYHPHWULFVDQGJURZWKUDWHLIPXOWL\HDUGDWDLVDYDLODEOHLQWKHIXWXUH$QGWLPHVHULHV
GDWDFDQEHFRUUHODWHGZLWKFOLPDWHIOXFWXDWLRQDQGVHDVRQDOLW\7KLVVWXG\FDQSURYLGHDQHZ
DSSURDFKIRUPRQLWRULQJYDULRXVW\SHVRIQDWXUDODQGDJULFXOWXUDOYHJHWDWLRQWRDLGLQPDNLQJ
VKRUWWHUPDQGORQJWHUPPDQDJHPHQWGHFLVLRQV
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;LQ0LDR3K'3URI7KHVLV&RPPLWWHH&KDLU
-XQ/XR3K'3URI&RPPLWWHH0HPEHU
/OR\G$6PLWK3K'3URI&RPPLWWHH0HPEHU
-XOLH0DVWHUVRQ3K''HDQRIWKH*UDGXDWH&ROOHJH





,QWKHLQWHUHVWRIDFDGHPLFIUHHGRPDQGWKHSULQFLSOHRIIUHHVSHHFKDSSURYDORIWKLVWKHVLV
LQGLFDWHVWKHIRUPDWLVDFFHSWDEOHDQGPHHWVWKHDFDGHPLFFULWHULDIRUWKHGLVFLSOLQHDV
GHWHUPLQHGE\WKHIDFXOW\WKDWFRQVWLWXWHWKHWKHVLVFRPPLWWHH7KHFRQWHQWDQGYLHZVH[SUHVVHG
LQWKLVWKHVLVDUHWKRVHRIWKHVWXGHQWVFKRODUDQGDUHQRWHQGRUVHGE\0LVVRXUL6WDWH8QLYHUVLW\
LWV*UDGXDWH&ROOHJHRULWVHPSOR\HHV
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,ZRXOGOLNHWRH[SUHVVVLQFHUHJUDWLWXGHWR3URI'U;LQ0LDR*HRJUDSK\*HRORJ\DQG
3ODQQLQJ'HSDUWPHQWDWWKH0LVVRXUL6WDWH8QLYHUVLW\IRUSURYLGLQJPHDQRSSRUWXQLW\WRZRUN
RQWKLVWRSLFDORQJZLWKWKHGHGLFDWHJXLGDQFHDQGJUHDWKHOSLQVRPDQ\GLIILFXOWVLWXDWLRQVVR
WKDW,FDQFRPSOHWHWKLVVWXG\
,ZRXOGOLNHWRWKDQN3URI'U/OR\G$6PLWKZKRKDVEHHQYHU\KHOSIXODQGKDV
LQVWUXFWHGPHLQQXPHURXVZD\VEHIRUHDQGGXULQJP\WKHVLV6SHFLDOWKDQNVDQGDSSUHFLDWLRQWR
3URI'U-XQ/XR+LVYDOXDEOHVXSSRUWDVRQHRIP\WKHVLVFRPPLWWHHZDVYLWDOIRUVXFFHVVIXO
FRPSOHWLRQRIP\PDVWHUWKHVLV,DPYHU\JUDWHIXOWRWKHPHPEHUVRI*HRJUDSK\*HRORJ\DQG
3ODQQLQJ'HSDUWPHQWHVSHFLDOO\3URI'U'RXJODV5*RX]LHIRUWKHLUNLQGFRRSHUDWLRQDQG
VXSSRUWZKLFKDOVRKHOSHGPHLQFRPSOHWLRQRIP\WKHVLV
,ZRXOGDOVROLNHWRWKDQNP\IDPLO\DQGIULHQGVIRUDOOWKHLUDGYLFHDQGHQFRXUDJHPHQW
GXULQJWKHWKHVLV
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7KHDSSOLFDWLRQRIPRGHUQWHFKQRORJ\LQHQYLURQPHQWPRQLWRULQJLVJURZLQJUDSLGO\LQ

WKHSDVWWHQ\HDUV*HRVSDWLDOVFLHQFHLVRQHRIWKHDUHDVZKHUHPDQ\PRGHUQWHFKQRORJLHVDUH
DSSOLHGDQGKDVJURZQVWURQJHUWRJHWKHUZLWKWKHGHYHORSPHQWRIVFLHQFHDQGWHFKQRORJ\
6SHFLILFDOO\UHPRWHVHQVLQJRIYHJHWDWLRQEHFRPHVDQLPSRUWDQWWHFKQLTXHWRPRQLWRUWKH
YHJHWDWLRQJURZWKUDWHWKDWODUJHO\DIIHFWHGE\FOLPDWHFKDQJHRYHUVHDVRQVDQG\HDUV,WLV
LPSRUWDQWWRPRQLWRUWKHYHJHWDWLRQFKDQJHSURFHVVVRWKDWWLPHO\UHVSRQVHLVWDNHQEHIRUHLWLV
WRRODWH3UHYLRXVO\VFLHQWLVWVKDYHXVHGUHPRWHVHQVLQJVDWHOOLWHVRUDLUSODQHVWRWDNHLPDJHVIRU
WUDFNLQJWKHYDULDELOLW\RIWKHYHJHWDWLRQ+RZHYHUWKHFRVWRIWKLVPHWKRGRILPSOHPHQWDWLRQLV
KLJKE\SXUFKDVLQJVDWHOOLWHLPDJHVDHULDOSKRWRVRUJHWWLQJGLJLWDOGDWDE\/L'$5WKH
IUHTXHQF\RIXSGDWLQJGDWDLVORZDQGWKHUHVROXWLRQRILPDJHVLVQRWKLJKHQRXJKDQGDIIHFWHG
ODUJHO\E\ZHDWKHUFRQGLWLRQV %HUWUDPet al. 7KLVVXUYH\LQJSURFHVVWKHUHIRUHODFNLQJ
FRQVLVWHQF\$QRWKHUPHWKRGLVWKHDQDO\VLVRIVDWHOOLWHLPDJHVKDVEHHQXVLQJZLWKKLJKHU
UHVROXWLRQ)RUWKHSXUSRVHRIREVHUYDWLRQWKHVHLPDJHVKDYHWRKDYHDFFXUDF\IUHTXHQWO\
XSGDWHGDQGWKHUHLVQRFORXGFRYHULQWKHUHOHYDQWVSHFWUXPEDQGV7KHLPDJHVZLWKDERYH
PHQWLRQHGWHFKQLFDOUHTXLUHPHQWVDUHYHU\H[SHQVLYHDQGWKHUHIRUHDOVRYHU\GLIILFXOWWRXVHIRU
SURFHVVLQJDQGLQWHUSUHWDWLRQ7RREVHUYHWKHUHJXODURYHUDOOFKDQJHVRQWKHODUJHDUHDUHPRWH
VHQVLQJPHWKRGXVLQJVDWHOOLWHLPDJHVLVVWLOOEHLQJFRQVLGHUHGDVWKHRSWLPDOFKRLFH
,QWKHSDVWGHFDGH'PRGHOOLQJRIODQGVFDSHEDVHGRQSKRWRJUDPPHWU\EHFRPHV
SRSXODUZLWKWKHUDSLGGHYHORSPHQWRIFRPSXWLQJSRZHU$PRQJWKHVHUHVHDUFKHVPRVWDHULDO
SKRWRVZHUHFDSWXUHGE\8QPDQQHG$HULDO9HKLFOHV 8$9V RUGURQHEDVHGV\VWHPV



7KHXVHRI8$9KDVEHHQEURDGO\XVHGLQWKHILHOGRIJHRVFLHQFHIRUPRQLWRULQJFKDQJHV
LQWHUUDLQYHJHWDWLRQDQGXUEDQODQGVFDSH7KHLPDJHGDWDREWDLQHGLQWKLVZD\XVXDOO\KDVKLJK
UHVROXWLRQ7KHLQFUHDVHGLQWHOOLJHQFHRIWKHIO\LQJGHYLFHPDNHVWKHSURFHVVHDVLHUDQGGRHVQRW
QHHGWREHPDQXDOO\RSHUDWHGIRUDORQJWLPH,QDGGLWLRQWKHZHDWKHUFRQGLWLRQVGRQRWKHDYLO\
DIIHFWWKHRSHUDWLRQRIWKHXQPDQQHGDLUFUDIWV\VWHPHYHQLQDFORXG\GD\RUVXQQ\GD\
(VSHFLDOO\WKHXVHRIXQPDQQHGDLUFUDIWWRWDNHDHULDOSKRWRVLVFRQYHQLHQWIRUDVPDOOVWXG\VLWH
ZLWKDPXFKORZHUFRVWWKDQ/L'$5V\VWHP0RUHRYHUWHFKQRORJ\LVEHLQJXVHGLQXQPDQQHG
DHULDOYHKLFOHVFDQVXSSRUWWKHDFFHVVLELOLW\RIWKHDUHDRUYLHZSRLQWZKLFKSUHYLRXVO\ZHUH
LQDFFHVVLEOHHVSHFLDOO\LQWKHDUHDVDUHRIWHQFRQVLGHUHGGDQJHURXVIRUORFDOVFLHQWLVWVVXFKDV
HPEDQNPHQWVWHHSFOLIIHDV\VXEVLGHQFHWHUUDLQDQGWKHDUHDVZLWKKLJKGHQVLW\RIYHJHWDWLRQ
%HVLGHVWKDWDWWKHVDPHWLPHLWFDQJLYHXVHUVWKHSKRWRJUDSKVDQGYLGHRLPDJHVRUDOVRFDQ
KDYHVXFKDVXEVWDQWLDOVXSSRUWIRUPHGLDRSHUDWLRQVDQGDUFKLYHV
3UHYLRXVO\WKHUHZHUHPDQ\UHVHDUFKHVRQLPDJHSURFHVVLQJLQFOXGLQJYHJHWDWLRQ
H[WUDFWLRQFDQRS\FRYHUGHWHFWLRQDQGVSHFLHVUHFRJQLWLRQ+RZHYHUWKRVHVWXGLHVKDYHPDLQO\
XVHG'LPDJHVIRUFODVVLILFDWLRQ7KLVUHVHDUFKSURMHFWZLOOXVHWKHGURQHEDVHGDHULDOLPDJHU\
WKURXJKSKRWRJUDPPHWULFPHWKRGVUHFRQVWUXFWWKH'GLJLWDOVXUIDFHPRGHO '60 ZKLFKFDQ
EHXVHGIRUYLVXDOL]DWLRQWHUUDLQSDUDPHWHUH[WUDFWLRQDQGUHOLHIPDSJHQHUDWLRQ,WKHOSVWKH
WHUUDLQDQDO\VLVLQJHRPRUSKRORJ\DQGSK\VLFDOJHRJUDSK\DQGWKH'PRGHOFDQEHHDVLO\
H[SRUWHGWRD'SULQWHU6SHFLILFDOO\WKH'60FDQEHXVHGIRUYHJHWDWLRQDQDO\VLVLQWKLVVWXG\


7KLVVWXG\LVDSDUWRIDPRUHFRPSUHKHQVLYHUHVHDUFKRIPRGHOLQJWKHUHVSRQVHRID

EODFNZDOQXWGRPLQDQWPL[HGKDUGZRRGVWDQGWRVHDVRQDOIOXFWXDWLRQVLQFOLPDWH,QWKHRULJLQDO
SURSRVHGUHVHDUFKSURMHFWZHXVH8$6IOLJKWVWRJDWKHUK\SHUVSHFWUDODQG5*%DHULDOGDWD
GXULQJFULWLFDOSKHQRORJLFDOVKLIWVLQWKHJURZLQJVHDVRQDQGWU\WRFRUUHODWHYHJHWDWLRQVWUHVV



PHWULFVDQGVHOHFWVHDVRQDOFOLPDWHYDULDEOHV )LJXUH 2QHRIWKHFKDOOHQJHVLVWRH[WUDFWWKH
WUHHVIURPFDQRS\VXUIDFH '60 ZLWKDKLJKDFFXUDF\LQVWHDGRIPDQXDOFRXQWLQJ,WFDQ
VLJQLILFDQWO\UHGXFHWKHLPDJHSURFHVVLQJWLPHDQGLQFUHDVHWKHUHOLDELOLW\


,QWKHFXUUHQWVWXG\,ZLOOPDLQO\JHQHUDWHDKLJKUHVROXWLRQ'FDQRS\PRGHOWKURXJK

DHULDOSKRWRJUDPPHWU\DQGIXUWKHUGHYHORSDQDOJRULWKPWRFRXQWWKHLQGLYLGXDOWUHHVZLWKD
UHDVRQDEOHDFFXUDF\IURP'60
7KHVWXG\LQFOXGHVWKHIROORZLQJREMHFWLYHV
 $IWHUDFTXLULQJDHULDOSKRWRVIURPDGURQHV\VWHP''60LVJHQHUDWHGWKURXJK
SKRWRJUDPPHWULFVRIWZDUH $JLVRIW3KRWR6FDQ3URIHVVLRQDOYHU 

 'HYHORSDZDWHUVKHGVHJPHQWDWLRQDOJRULWKPIRUDXWRPDWHGVLQJOHWUHHH[WUDFWLRQ
IURP'60WKURXJK3\WKRQSURJUDPPLQJ

 $VVHVVDQGFRPSDUHWKHDFFXUDFLHVRIUHVXOWVIURPWZRSUHSURFHVVLQJILOWHUV



)LJXUH7KHFRQFHSWXDOPRGHORIRULJLQDOUHVHDUFKSURMHFW


7KLVVWXG\FDQSURYLGHDQHZDSSURDFKIRUPRQLWRULQJWKHVWUHVVRIYDULRXVQDWXUDODQG
DJULFXOWXUDOYHJHWDWLRQVRDVWRDLGLQPDNLQJVKRUWWHUPDQGORQJWHUPPDQDJHPHQWGHFLVLRQV,W
FDQIXUWKHUKHOSGHYHORSLQJDVWDWLVWLFDOPRGHOWRFRUUHODWHWUHHJURZWKUDWHZLWKFOLPDWHFKDQJHV
LQ0LVVRXUL

6WXG\6LWH


7KHVWXG\VLWHLVLQ-RXUQDJDQ5DQFKLQFOXGLQJVHYHUDOJUDVVODQGIRUHVWODQGDQG

YLQH\DUGORFDWLRQVRZQHGDQGPDQDJHGE\0LVVRXUL6WDWH8QLYHUVLW\ 068 7KHFKRVHQVWXG\
VLWHORFDWHGQHDU0RXQWDLQ*URYH02 )LJXUH $KLJKDEXQGDQFHRIEODFNZDOQXW Juglans
nigra LVGRPLQDWHGLQWKLVVLWH%ODFNZDOQXWLVDQDSSURSULDWHHQYLURQPHQWDOLQGLFDWRURI
FOLPDWHLQGXFHGVWUHVVGXHWRLWVVHQVLWLYLW\WRGURXJKWZKLFKLVDSURSHUW\IURPLWVHYROXWLRQDU\
DGDSWDWLRQWRVHPLPRLVWVRLOV0RVWLPSRUWDQWO\WKHEODFNZDOQXWWUHHVZHUHSODQWHG
DSSUR[LPDWHO\\HDUVDJRZLWKRXWVLJQLILFDQWKXPDQLQWHUIHUHQFH7KHVWXG\VLWHLVUHODWLYHO\
IODWDQGPRVWRIWUHHVIRUPFOXVWHUVDQGGHYHORSDGHQVHFDQRS\6LQFHLWLVTXLWHWLPH
FRQVXPLQJDQGODERULQWHQVLYHWRFRXQWWKHWUHHVLQWKHILHOGDFRPSXWHUDLGHGDVVHVVLQJ
DSSURDFKLVQHHGHGWRDFTXLUHDUHODWLYHO\UHOLDEOHDQGDFFXUDWHUHVXOW





)LJXUH6WXG\VLWHDW-RXUQDJDQ5DQFK FRRUGLQDWHV 1 : 


(TXLSPHQW
$6RQ\D5,,FDPHUDZDVPRXQWHGWRD'-,6SUHDGLQJ:LQJV6DLUIUDPHXVLQJD
3L[KDZNDXWRSLORWERDUGDQGWKHIOLJKWZDVFRQGXFWHGRQ-XQH7KHDWWLWXGHRIWKH8$9
ZDVPHDVXUHGE\WKH;6HQV07L*RQERDUG,08ZKLFKUHFRUGHGWKH*36ORFDWLRQUROO
SLWFKDQG\DZRIWKHDLUFUDIWGXULQJWKHIOLJKW)OLJKWSODQVZHUHGHVLJQHGZLWKRYHURYHUODS
EHWZHHQQHLJKERULQJSKRWRVRQWKHVDPHIOLJKWVWULS*URXQGGDWDLQFOXGLQJGLDPHWHUDWEUHDVW
KHLJKW '%+ VWDQGOHYHOVWDWLVWLFVZHUHFROOHFWHGLQWKHSUHYLRXVZRUNV$QGSUHGHILQHG
*URXQG&RQWURO3RLQWV *&3V ZHUHFROOHFWHGXVLQJDKDQGKHOG7ULPEOH1RPDGXQLWZLWKD
7ULPEOH3UR+UHFHLYHUIRUDHULDOSKRWRUHJLVWUDWLRQDQGDFFXUDF\DVVHVVPHQW7KHJHR
SRVLWLRQDODFFXUDF\LVVXEPHWHUXQGHU:*6 870=RQH1 SURMHFWLRQV\VWHP .LPet
al.*XSWDDQG6KXNOD *&3PDUNVRQWKHJURXQGFDQEHYLVXDOO\FKHFNHGRQDHULDO
SKRWRV7KHIO\LQJKHLJKWLVPZLWKDFRQVWDQWVSHHGRIPV7KH8$6SODWIRUPKDV
UHWUDFWDEOHODQGLQJJHDUYLEUDWLRQGDPSHUVDQJOHGDUPVDQGDJLPEDOPRXQWWKDWRIIHUVD
GHJUHHYLHZIURPFDPHUD




3URJUDPPLQJ/DQJXDJH
7KHUHDUHPDQ\SURJUDPPLQJODQJXDJHVDUHEHLQJXVHGZKLFKKDYHGLIIHUHQW
FKDUDFWHULVWLFVVXFKDVLPSHUDWLYHPRGXODUREMHFWRULHQWHGIXQFWLRQDOUHODWLRQDOFRQVWUDLQDQG
ORJLFDO 6HEHVWD $PRQJWKHP3\WKRQLVDQRSHQVRXUFHODQJXDJHZLWKDJRRGREMHFW
RULHQWHGVXSSRUWDQGDULFKOLEUDU\VHW &DHLURet al. 7KHPRVWSRSXODUDQGSRZHUIXO
OLEUDULHVZKLFKKDYHEHHQXVLQJLQJHRVFLHQFHDUH*HRVSDWLDO'DWD$EVWUDFWLRQ/LEUDU\ *'$/ 
2SHQ&96FLNLWLPDJH6FL3\DQG5DVWHU,20RUHRYHUWKH3\WKRQSURJUDPPLQJODQJXDJHLV
VXSSRUWHGLQ$UF*,6WKHDFWXDOLQGXVWULDOVWDQGDUGLQJHRVSDWLDOVFLHQFHILHOG%HVLGHVWKH



LQWHJUDWHGQXPHULFSURFHVVLQJLQWHUIDFHPRGXOHKDVEHHQGHYHORSHGZKLFKSURYLGHVFDSDELOLWLHV
VLPLODUWR0DWODEDQGRWKHUDUUD\EDVHGODQJXDJHV &DHLURet al. 7KHUHIRUH3\WKRQ
SURJUDPPLQJLVXVHGIRUWKLVVWXG\























0(7+2'2/2*<

7KHSURFHVVRI'PRGHOUHFRQVWUXFWLRQEHJLQVZLWKIOLJKWSODQQLQJDHULDOSKRWR
FROOHFWLRQDQGWKHQIROORZHGE\GHQVHSRLQWFORXGJHQHUDWLRQWKURXJKSKRWRJUDPPHWULF
VRIWZDUHSRO\JRQDOPHVKJHQHUDWHDQG'LJLWDO6XUIDFH0RGHO '60 JHQHUDWLRQ1H[W3\WKRQ
LVXVHGWRFRQGXFWLPDJHVHJPHQWDWLRQDQGFODVVLILFDWLRQDQGHDFKWUHHFDQEHILQDOO\H[WUDFWHG
7KHJHQHUDOIORZFKDUWRI'FDQRS\VXUIDFHJHQHUDWLRQDQGWUHHH[WUDFWLRQLVLOOXVWUDWHGLQ)LJXUH





)LJXUH*HQHUDOIORZFKDUWRI'FDQRS\VXUIDFHJHQHUDWLRQDQGWUHHH[WUDFWLRQ


'0RGHOLQJ
7KH'JHRPHWU\UHJHQHUDWLRQLQFOXGLQJWKHIROORZLQJPDLQVWHSV *XSWDDQG6KXNOD 
 3KRWRJUDPPHWU\RU6WUXFWXUHIURP0RWLRQ 6I0 WKHDWWLWXGHRIFDPHUDVXFKDV
SRVLWLRQRULHQWDWLRQDQGIRFDOOHQJWKVKRXOGEHUHFRQVWUXFWHGE\WLHSRLQWVEHWZHHQ
LPDJHV7KHQDVSDUVHSRLQWEDVHG'SUHVHQWDWLRQFDQEHJHQHUDWHG



 0XOWL9LHZ6WHUHR 096 XVHVWKHHVWLPDWHGFDPHUDSDUDPHWHUVWRILQGWKHYLVXDO
UHODWLRQVKLSVEHWZHHQLPDJHVDQGDGHQVH'JHRPHWU\FDQEHUHFRQVWUXFWHG

 6XUIDFH5HFRQVWUXFWLRQVXUIDFHPHVKKDVEHHQSURGXFHGE\WDNLQJGHQVHSRLQWFORXGDV
LQSXWGDWD

,PDJH3URFHVVLQJ$OOWKHREWDLQHGDHULDOLPDJHVKDYHEHHQXVHGDVLQSXWGDWDIRUWKH
SKRWRJUDPPHWU\VRIWZDUH $JLVRIW3KRWR6FDQ *36LQIRUPDWLRQKDVEHHQWDJJHGDQG
UHFRUGHGLQHDFKLPDJHILOHZLWKWKH([FKDQJHDEOHLPDJHILOHIRUPDW ([LI 6WDUWLQJIURPWKHVH
LQLWLDOSRVLWLRQVWKHLPDJHVDOLJQPHQWDUHFRQGXFWHGWKURXJKPDWFKLQJWLHSRLQWV)LJXUHVKRZV
DQDOLJQPHQWIRUDOOWDNHQLPDJHVLQWKHLPDJHSURFHVVLQJVRIWZDUH



)LJXUH3KRWRVDOLJQPHQWLQ$JLVRIW3KRWR6FDQ


2QHFUXFLDOVWHSLQWKH'UHFRQVWUXFWLRQSURFHGXUHVLVFKHFNLQJWKHRYHUODSSLQJRI
REWDLQHGLPDJHVWRHQVXUHWKDWWKHUHDUHDWOHDVWWZRLPDJHVIRUDQ\JLYHQJURXQGWDUJHW)LJXUH
EHORZVKRZVWKHOLVWVRIIRFDOOHQJWKUHVROXWLRQLPDJHVL]HDOWLWXGHRIWKHFDPHUD
PDJQLILFDWLRQRILPDJHVDQGWKHVL]HRIHDFKSL[HODIWHULPDJHDOLJQPHQWWRJHWKHUZLWKFDPHUD



ORFDWLRQVDQGRYHUODSSLQJRIWKHLPDJHV)LJXUHVKRZQWKHLPDJHUHJLVWUDWLRQUHVLGXDORU
DOLJQPHQWHUURUVRIWKHDHULDOSKRWRV
7KHFRRUGLQDWHRI*&3VDUHXVHGIRU'PRGHOJHRUHJLVWUDWLRQDQGDFFXUDF\DVVHVVPHQW
7KH*&3VLQWKHVWXG\VLWHLVVKRZQLQ)LJXUH7KH5RRW0HDQ6TXDUH(UURU 506( RI*&3V
DUHFDOFXODWHGDQGLOOXVWUDWHGLQ7DEOH
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7KURXJKLPDJHDOLJQPHQWDQGLQWHUSRODWLRQWKHGHQVHSRLQWFORXGRIWKHFDQRS\PRGHO
FDQEHJHQHUDWHG7KHGHQVHSRLQWFORXGFDQEHFRQYHUWHGWRSRO\JRQDOPHVKRUWULDQJOHPHVK
PRGHOV 7,1 7KH'GHQVHSRLQWFORXGRIWKHVWXG\VLWHGUDSHGZLWKDHULDOSKRWRVLVGLVSOD\HG
LQWKH)LJXUH$QGWKH'7,1RIWKHVWXG\VLWHLVLOOXVWUDWHGLQ)LJXUH



)LJXUH'GHQVHSRLQWFORXGRIWKHVWXG\VLWH



)LJXUH'3RO\JRQDOPHVKRIWKHVWXG\VLWH




%DVHGRQWKH'GHQVHSRLQWFORXGDQG3RO\JRQDOPHVKWKHVRIWZDUHFDQJHQHUDWHD
PRVDLFNHGRUWKRSKRWRDVWKHWH[WXUHIRUWKH'FDQRS\PRGHODVVKRZQLQ)LJXUH
*HQHUDWH'LJLWDO(OHYDWLRQ0RGHO '60 7KH'60LQ)LJXUHFDQEHJHQHUDWHG
EDVHGRQWKHGHQVHFORXGRUPHVKPRGHO'XULQJ'60JHQHUDWLRQSURJUHVVWKHFRRUGLQDWH
V\VWHPVKRXOGEHVSHFLILHGLQDFFRUGDQFHZLWKWKHV\VWHPXVHGIRUWKHPRGHOUHIHUHQFLQJ
7KH'60PXVWEHH[SRUWWRWKH*HRWLIIIRUPDWLQRUGHUWREHXVHGLQRWKHUVRIWZDUH7KH
*HRWLIIIRUPDWLVDPHWDGDWDVWDQGDUGWKDWDOORZVJHRJUDSKLFLQIRUPDWLRQHPEHGGHGLQ7,))
ILOHV7KHLQIRUPDWLRQLQFOXGHVPDSSURMHFWLRQVFRRUGLQDWHV\VWHPVHOOLSVRLGVDQGGDWXP
*HR7,))IRUPDWLVIXOO\FRPSOLDQWZLWK7,))VRWKH*HR7,))IRUPDWILOHVFDQVWLOOEH
RSHQHGE\WKHVRIWZDUHZKLFKLVQRWDEOHWRUHDGDQGLQWHUSUHWVSHFLDOL]HGPHWDGDWD7KH
H[SRUWHG*HRWLIILPDJHLVGLVSOD\HGDVLQWKH)LJXUH




)LJXUH7H[WXUHRURUWKRSKRWRRIWKHVWXG\VLWH




7KHUHDUHVHYHUDOZD\VWRYLVXDOL]HWKH'60JHQHUDWHGIURP3KRWR6FDQ,QWKLVVWXG\,
XVH$UF6FHQHWRGLVSOD\D'YLVXDOL]DWLRQVFHQHZKHQVHWWLQJDEDVHKHLJKWRIWKHLPDJHRQ
WKHVXUIDFHPRGHO$QGWKHQDQLPDJHVHJPHQWDWLRQPHWKRGFDQEHXVHGWRUHFRJQL]HDQG
FODVVLI\LQGLYLGXDOWUHHVHIIHFWLYHO\ )LJXUH 



)LJXUH'60JHQHUDWHGIURPGHQVHFORXG5HVROXWLRQLVFPSL[DQG3RLQWGHQVLW\LV
SRLQWVP


7KH$SSHQGL[$VKRZVDOOWKHSURFHVVLQJSDUDPHWHUVRIWKHSKRWRJUDPPHWULFVRIWZDUH,W
LQFOXGHGWKHSRLQWFORXGV'60DQGUHFRQVWUXFWLRQSDUDPHWHUV




)LJXUH7KHH[SRUWHG'60WRJHRWLIIIRUPDW




)LJXUH'YLVXDOL]DWLRQRI'60


,PDJH6HJPHQWDWLRQDQG&ODVVLILFDWLRQ
,GHFLGHWRXVH3\WKRQDVWKHSURJUDPPLQJODQJXDJHIRULPDJHSURFHVVLQJDQG
VHJPHQWDWLRQ$VDQRSHQVRXUFHSDFNDJHLWDOORZXVHUVWRGLIIHUHQWLPDJHSURFHVVLQJPRGXOHV
DQGVXSSRUWHGE\QXPHULFDODQGVFLHQWLILFOLEUDULHVDQGFRGHRSWLPL]DWLRQWRROER[HV &DHLURet
al. 
3\WKRQYHUVLRQLVWKHQHZHVWYHUVLRQZKLFKKDVEHHQXVHGLQWKLVUHVHDUFK%HIRUH
SURFHHGLQJWRWKHLPDJHSURFHVVLQJVWDJHVWKHUHTXLUHGOLEUDULHVKDYHEHHQVXFFHVVIXOO\LQVWDOOHG
VXFKDVJGDOQXPS\PDWSORWOLESLOORZDQGVRPHVXSSRUWLQJPRGXOHVVXFKDV,PDJH3\6FLNLW
LPDJHDQG2SHQ&9
/LEUDULHV,QVWDOODWLRQ7KHILUVWVWHSLQLPDJHSURFHVVLQJLVKRZWKHV\VWHPDQG
SURJUDPPLQJVRIWZDUHFDQUHDG'60¶VGLJLWDOIRUPDWVFLNLWLPDJHZKLFKLVDOLEUDU\PRGXOH
LQFOXGHVLPDJHSURFHVVLQJIHDWXUHVDVLPSRUWDQWDVWKHILOWHUVWKHSURFHVVLQJDOJRULWKPLPDJH
VHJPHQWDWLRQUDVWHULRDOLEUDU\PRGXOHIRUWKHSXUSRVHRISURFHVVLQJWKHLPDJHGDWDVHWLQWKH
IRUPRIQXPEHUVWKHRQHGLPHQVLRQDODUUD\WZRGLPHQVLRQDORUPXOWLGLPHQVLRQDO:LWK
SRZHUIXOFDSDELOLWLHVRIDQRSHQVRXUFHVRIWZDUHXVHUVFDQJDLQDFFHVVWRDPDVVLYHWUHDVXUH
VKDUHGOLEUDU\IRUIUHH+HUHWKHPRGXOHVDQGOLEUDULHVOLNH*'$/ *HRVSDWLDO'DWD$EVWUDFWLRQ
/LEUDU\  *'$/'HYHORSPHQW7HDP YHUVLRQ2SHQ&9QXP3\6FLNLWLPDJH
5DVWHU,2KDVEHHQLQVWDOOHG
7KHPRGXOHV*'$/2SHQ&9DQG6FLNLW,PDJHVKDOOKHOSWKHUHVHDUFKHUE\UHDGLQJWKH
'60LPDJHLQWRWKHPHPRU\DVDIORDWLQJSRLQWDUUD\WKHQWKH\FDQSURFHVVWKHGDWDDVQXPHULF
GDWDDQGDIWHUWKDWGLVSOD\WKHUHVXOWVDVLPDJHV:LWKWKHQXPHULFGDWDWKHUHVHDUFKHUFDQDSSO\
GLIIHUHQWLPDJHILOWHULQJE\XVLQJILOWHULQJPRGXOHVZKLFKDUHLQWHJUDWHGLQ2SHQ&9DQG6FLNLW



LPDJHLQRUGHUWRJHWEHWWHUUHVXOWZKHQDSSO\LQJGLIIHUHQWILOWHULQJPHWKRGVWRVHJPHQWWKH
LPDJHDQGWKHQILQGORFDWLRQVRIWUHHV
,PDJH6HJPHQWDWLRQDQG&ODVVLILFDWLRQ7KHLPDJHVHJPHQWDWLRQLVDQLPSRUWDQWWRSLF
LQFRPSXWHUYLVLRQDQGLPDJHSURFHVVLQJILHOG,PDJHVHJPHQWDWLRQLVWKHSURFHVVRILPDJH
SURFHVVLQJE\GLYLGLQJWKHLPDJHLQWRWKHVPDOOREMHFWVVLPLODUWRDVHWRIORFDOSL[HO
UHSUHVHQWDWLRQ7KHJRDORIVHJPHQWDWLRQLVWRVLPSOLI\DQGVHSDUDWHWKHLPDJHLQWRDQXPEHURI
REMHFWVZKLFKDUHPRUHPHDQLQJIXODQGHDVLHUWRLGHQWLI\FRPSDULQJWRWKHUHDOZRUOG 6RQNDet
al. 
,QWKHSDVWWKHUHZHUHVRPHUHVHDUFKHVKDYHEHHQGRQHEHIRUHZLWKVHYHUDOPHWKRGVIRU
WUHHGHWHFWLRQDQGVHJPHQWDWLRQ,QFDVHWKHUHLVQRRYHUODSSLQJSDUWVRIWUHHVRQWKHLPDJHRU
FDQRS\VXUIDFHPRGHOWUHHVDUHVHSDUDEOHE\WKUHVKROGLQJ7KLVDOJRULWKPLVFRQYHQLHQWDQG
HIILFLHQWWRVHJPHQWREMHFWVLQDQLPDJHRU'60$FFRUGLQJWRWKRVHUHVHDUFKHVREWDLQLQJ
LQGLYLGXDOWUHHLQIRUPDWLRQUHTXLUHVWKDWWUHHVDUHDEOHWREHYLVXDOO\GHOLQHDWHGLQWKHUHPRWHO\
VHQVHGGDWD 6WUvPEXV 0RVWRIWKRVHPHWKRGVKDYHXVHGREMHFWRULHQWHGLPDJHDQDO\VLV
PHWKRGVVXFKDVLPDJHVHJPHQWDWLRQ /DOLEHUWHet al./DOLEHUWHet al. PXOWL
UHVROXWLRQVHJPHQWDWLRQIHDWXUHH[WUDFWLRQREMHFWLGHQWLILFDWLRQOLNH6SDWLDO:DYHOHW$QDO\VLV
6:$  )DONRZVNLet al. DQGREMHFWRULHQWHGFODVVLILFDWLRQ
+RZHYHUDPRQJWKHVHVWXGLHVWKHLPDJHGDWDLVXVHGSULPDULO\REWDLQHGIURP/L'$5
)RUH[DPSOHWKHKHLJKWRIWKHFRQLIHURXVWUHHVDQGFURZQVGLDPHWHUFDQEHHVWLPDWHGWKURXJK
WZRGLPHQVLRQDOVSDWLDOZDYHOHWDSSURDFKIRU/L'$5 )DONRZVNLet al. $QGVLQJOHWUHH
LGHQWLILFDWLRQLVDOVRUHDOL]HGIRU/L'$5GDWDWRVLPXODWHWKHDQQXDOO\LQFUHDVHRIFXUUHQWVWHP
YROXPH %RWWDLet al. $VHJPHQWDWLRQEDVHGRQJUDSKLVGHYHORSHGWRH[WUDFWWUHHVIURP
DLUERUQH/L'$5GDWD 6WUvPEXV $QGDPHWKRGWRGHWHUPLQHWKHORFDWLRQRIHDFKWUHHLV



GHYHORSHGE\XVLQJORFDOPD[LPXPGHWHFWLRQ 3RXOLRWet al. $OWHUQDWLYHO\,GHYHORSD
PHWKRGWRH[WUDFWHDFKWUHHIURPWKHSKRWRJUDPPHWU\EDVHG'60LQWKLVVWXG\
0RUHRYHULQSUDFWLFHWKHUHDUHPDQ\LQVWDQFHVZKHUHWKHVDPHREMHFWLRQRQWKHVXUIDFH
FRQYH[FRQFDYHRURYHUODSQRWVHSDUDWHO\VXFKDVWKHGLJLWDOVXUIDFHLPDJHVRIYHJHWDWLRQDUHDV
,QWKHVHFDVHVWKHWKUHVKROGLQJDQGFRQWRXUGHWHFWLRQDOJRULWKPPD\QRWZRUNDFFXUDWHO\WKHQ
WKHRWKHULPDJHVHJPHQWDWLRQDOJRULWKPVZLOOEHDSSOLHGWRJHWKHU
7KHZDWHUVKHGVHJPHQWDWLRQLVFKRVHQDVWKHIRXQGDWLRQRIWKLVDOJRULWKP7KHZDWHUVKHG
VHJPHQWDWLRQZLOOGHWHFWDOOORFDOPLQLPDRQWKH'60ZKLFKVRPHWLPHVJHQHUDWHVDQ
RYHUZKHOPLQJQXPEHURIVPDOOVHJPHQWV =KDRDQG3RSHVFX +RZHYHUWKLVDOJRULWKPLV
VXFFHVVIXOO\DSSOLHGIRU'HYHORSLQJ(IILFLHQW3URFHGXUHVIRU$XWRPDWHG6LQNKROH([WUDFWLRQ
IURP/LGDU'(0V 0LDRet al. ZKHUHWKH'(0VVKRZQWKHVLQNKROHVDVFRQFDYHDUHDV
)XUWKHUPRUHVRPHRWKHUPHWKRGVOLNHKLHUDUFKLFDOZDWHUVKHGWUDQVIRUP +:7 DOJRULWKPWR
VHJPHQWWKHFDQRS\KHLJKWPRGHO &+0 ZKLFKLVREWDLQHGE\H[DPLQLQJWKH³G\QDPLF´
SURSHUWLHVRIORFDOPD[LPD =KDRDQG3RSHVFX 
,QWKLVVWXG\WKHZDWHUVKHGVHJPHQWDWLRQKDVEHHQDSSOLHGDVVXPLQJWKH'FDQRS\
PRGHOLVDQXSVLGHGRZQZDWHUVKHG7KHGHWHFWLRQRIORFDOPD[LPDKDVEHHQFKRVHQLQVWHDGRI
ORFDOPLQLPD7KHFDQRS\KHLJKWPRGHO &+0 LQWKHRU\FDQEHLGHQWLILHGE\GHWHUPLQLQJWKH
GLIIHUHQFHEHWZHHQ'60DQGEDUHJURXQGGLJLWDOWHUUDLQPRGHO '70 
&+0 '60±'70
+RZHYHULQWKLVVWXG\WKH'70GDWDRIWKHVWXG\VLWHKDVQRWEHHQIRXQGWKHUHIRUHWKH
'70LVDVVXPHGWREHDUHODWLYHO\IODWVXUIDFHZLWKWKHDYHUDJHDOWLWXGHLV]HURRULQWKLVFDVHWKH
&+0LVHTXLYDOHQWWRWKH'60)URPQRZRQLQWKLVVWXG\WKH'60ZLOOEHXVHGDVWKH&+0LQ
HYHU\SURFHVVUHODWHGWRWKHFDQRS\KHLJKW)LJXUHVKRZVWKH&+0RIWKHVWXG\VLWH



7KHZDWHUVKHGVHJPHQWDWLRQDOJRULWKPKDVEHHQVWXGLHGIRUWUDQVIRUPDWLRQDQGUHZULWWHQ
LQWKH3\WKRQSURJUDPPLQJODQJXDJHZKLFKZLOOLQVWUXFWVWKHFRPSXWHUWRUHDGDOOWKHSL[HO
YDOXHV LQHVVHQFHWKHDOWLWXGHYDOXHV DVQGDUUD\SDFNDJH +R\HUDQG+DPPDQ WKDWFDQ
UHDGWKHPXVHVUDVWHULR *LOOLHVet al. ,WZLOOSURYLGHPXOWLGLPHQVLRQDODUUD\VDQGGDWDVHWV
ZLWKPHWDGDWD $QQDOD DQGWKHQPHUJHWKHPWRJHWKHUDFFRUGLQJWRWKHVHJPHQWDWLRQWR
GHWHUPLQHSRVLWLYHDUHDVWKDWLGHQWLI\LQGLYLGXDOWUHH,Q3\WKRQWKH6FLNLWLPDJH YDQGHU:DOW
3HUHLUDet al. *'$/DQG2SHQ&9DUHXVHGIRUSURFHVVLQJQXPHULFGDWDFRQWDLQHG
LQWKH'60UDVWHU 3HGUHJRVDet al. 
,QWKLVVWXG\WKHZDWHUVKHGVHJPHQWDWLRQDOJRULWKPKDVEHHQDSSOLHGZLWKWZRGLIIHUHQW
ILOWHULQJWHFKQLTXHVLHPHDQVKLIWILOWHUZLWKDGDSWLYHWKUHVKROGLQJDQG*DXVVLDQILOWHU



)LJXUH&DQRS\KHLJKWPRGHORIWKHVWXG\VLWH




:DWHUVKHG6HJPHQWDWLRQZLWK0HDQ6KLIW)LOWHULQJDQG$GDSWLYH7KUHVKROGLQJ,QWKH
PHWKRGZKLFKXVLQJPHDQVKLIWILOWHUDQGDGDSWLYHWKUHVKROGLQJWKH'60LPDJHKDVEHHQ
LPSRUWHGE\XVLQJUHDGLQJIXQFWLRQRI2SHQ&9,WZLOOUHWXUQWKH'60LPDJHDVDQXPS\DUUD\
$IWHULPSRUWHGGXHWRWKHOLPLWDWLRQRIWKHILOWHUZKLFKRQO\VXSSRUWELWLPDJHU\WKHLPSRUWHG
'60LPDJHKDVEHHQFRQYHUWHGWRELWLPDJHE\XVLQJJGDOWUDQVODWHIXQFWLRQ
7KHPHDQVKLIWILOWHULQJDOJRULWKPLVDGDWDFOXVWHULQJDOJRULWKPWKDWLVFRPPRQO\XVHGLQ
WKHFRPSXWHUYLVLRQDQGLPDJHSURFHVVLQJ2QHRIWKHLQWHUHVWLQJSURSHUWLHVRIWKLVILOWHULVWKDWLW
FDQODUJHO\SUHVHUYHWKHHGJHVVRDVWRHQKDQFHWKHLPDJHVHJPHQWDWLRQ
6\QWD[
cv2.pyrMeanShiftFiltering(src, sp, sr[, dst[, maxLevel[,
termcrit]]])

ZKHUHsrcLVVRXUFHLPDJH ELWRQO\ spLVWKHVSDWLDOZLQGRZUDGLXVsrLVWKHFRORUZLQGRZ
UDGLXVmaxLevelLVWKHPD[LPXPOHYHORIWKHS\UDPLGIRUWKHVHJPHQWDWLRQDQGtermcritLV
WHUPLQDWLRQFULWHULDZKHQVWRSPHDQVKLIWLWHUDWLRQV
$WHDFKSL[HO ;< RIWKHLQSXWLPDJHWKHIXQFWLRQSHUIRUPHGLWHUDWLRQVPHDQPHDQ
QHLJKERUKRRGSL[HO ;< LQVSDFHFRPPRQVSDFHWREHFRQVLGHUHG
(x, y) : X – sp  x  X + sp, Y – sp  y  Y + sp
,QWKHVXUURXQGLQJDUHDRIWKHDYHUDJHYDOXHRIVSDFH ; < DQGDYHUDJHYHFWRULV
IRXQGDQGLWDFWDVQHLJKERUKRRGFHQWHUVRQWKHQH[WLWHUDWLRQ
;< Æ ;¶<¶ 
$IWHUUHSHWLWLRQWKHYDOXHRIWKHRULJLQDOSL[HOVZKLFKDUHWKHSRLQWVIURPZKHUHWKH
UHSHWLWLRQVWDUWHGDUHVHWWRWKHODVWYDOXHV:KHQHYHUmaxLevel!ILUVWO\JDXVVLDQS\UDPLGVRI
YDU\LQJmaxLevel ZDVEXLOWDQGRQWKHSURFHVVWREHUXQRQVPDOOHVWOD\HU7KHQWKHUHVXOWV



DUHWUDQVPLWWHGWRWKHODUJHUOD\HUDQGWKHUHSHWLWLRQVDUHRQO\UXQQLQJEDFNRQWKHSL[HOVLQ
ZKLFKWKHFRORURIGLIIHUHQWOD\HUVPRUHWKDQsrFRPSDUHGZLWKORZHUUHVROXWLRQOD\HURIWKH
S\UDPLG7KDWPDNHVWKHERXQGDU\RIWKHUHJLRQ1RWHWKDWWKHUHVXOWZRXOGEHGLIIHUHQWWKDQWKH
UHVXOWVREWDLQHGE\UXQQLQJWKHPHDQVKLIWSURFHGXUHRQWKHHQWLUHRULJLQDOLPDJH LHZKHQ
maxLevel

  ³2SHQ&9GHYHORSPHQWWHDP´QG 

,QWKHQH[WVWHSWKHDSSUR[LPDWHHVWLPDWHRIWKHWUHHVFDQEHIRXQGE\XVLQJLPDJH
ELQDUL]DWLRQRIDGDSWLYH,PDJHWKUHVKROGLQJDOJRULWKP <RXVHIL $LPLQJWRVPRRWKHQ
LPDJHEHIRUHDSSO\LQJWKUHVKROGLQJWKHPHDQVKLIWILOWHUKDVEHHQDSSOLHGDQGWKHRULJLQDOLPDJH
KDVEHHQFRQYHUWHGLQWRJUD\VFDOH
8VLQJWKHDGDSWLYHWKUHVKROGLQJLQ3\WKRQWKHFRGHZRXOGEHGHILQHGDVLQWKHIROORZLQJ
1. gray=cv2.cvtColor(shifted,cv2.COLOR_BGR2GRAY)
2. thresholding=cv2.threshold(gray,255,
cv2.ADAPTIVE_THRES_MEAN_C,cv2.THRESH_BINARY,25,5)
3. cv2.imshow("Thresholding",thresholding)

7KHQLQWKH)LJXUHYLHZHUVFDQVHHWKHUHVXOWRIWKHDGDSWLYHWKUHVKROGLQJ
DSSOLFDWLRQ
)RUVHJPHQWDWLRQRIWUHHVLQDGLJLWDOVXUIDFHPRGHOLPDJHWKHZDWHUVKHGDOJRULWKPZLOO
EHDSSOLHGE\FRPSXWLQJWKH(XFOLGHDQ7UDQVIRUP'LVWDQFHWRWKHFORVHVW]HUR XVXDOO\
EDFNJURXQGSL[HO¶VYDOXH IRUHDFKRIWKHIRUHJURXQGSL[HOVE\XVLQJ
'LVWDQFH QGLPDJHGLVWDQFHBWUDQVIRUPBHGW WKUHVK 
$IWHUWKDWILQGLQJWKHORFDOPD[LPD ZKHQXVLQJWKLVDOJRULWKPIRUH[WUDFWLQJWKHWUHHV
WKHORFDOPD[LPDZLOOEHXVHGLQVWHDGRIORFDOPLQLPDDVLQZDWHUVKHG E\XVLQJIXQFWLRQ
SHDNBORFDOBPD[ ZKLFKKDVEHHQLQWHJUDWHGLQWKHPRGXOHVFLNLWLPDJH
6\QWD[



skimage.feature.peak_local_max(image, min_distance=1,
threshold_abs=None, threshold_rel=None, exclude_border=True,
indices=True, num_peaks=inf, footprint=None, labels=None,
num_peaks_per_label=inf)

7KHSHDNBORFDOBPD[URXWLQHZLOOILQGSHDNVLQDQLPDJHDQGUHQGHURXWSXWDVFRRUGLQDWH
OLVWRUERROHDQPDVN7KRVHSHDNVDUHXQGHUVWRRGDVWKHORFDOPD[LPDLQDUHJLRQRI
2*min_distance+1 LQWKLVFDVHLWLVFRQVLGHUHGWKDWWKRVHSHDNVDUHVHSDUDWHGE\DWOHDVW
min_distance. ,QFDVHPXOWLSOHORFDOPD[LPDDUHIRXQGZLWKLGHQWLFDOSL[HOVZLWKLQWKHGHILQHG
UHJLRQWKHRXWSXWZLOOUHWXUQDOOFRRUGLQDWHVRIWKRVHSL[HOV



)LJXUH5HVXOWRIWKUHVKROGLQJ

2QWKHRWKHUKDQGLQFDVHSURYLGLQJWKHPLQLPXPLQWHQVLW\RISHDNVWKHPD[LPXPRI
WKHWZRLVFKRVHQDVWKHPLQLPXPLQWHQVLW\WKUHVKROGRIWKHP ³6FLNLWLPDJHGHYHORSPHQW



WHDP´QG 7KHORFDOPD[LPDFDQEHIRXQGRQWKH&DQRS\+HLJKW0RGHO &+0 ZKHUHWKH
ORFDOPD[LPDLVFRQVLGHUHGHTXLYDOHQWWRWKHWRSRIWKHWUHH )LJXUH 
localMax=peak_local_max(image,indices=False,min_distance=10,labels=thres
holding)

7KHQDSSO\WKHZDWHUVKHGIXQFWLRQ
0DUNHUV FYZDWHUVKHG LPDJHPDUNHUV 
ZKHUHimageLVXVHGDVLQSXWDUUD\DQGmarkersLVXVHGDVRXWSXWDUUD\7KHFRGHIRUDSSO\LQJ
ZDWHUVKHGVHJPHQWDWLRQDOJRULWKP
1. Dist=ndimage.distance_transform_edt(thresh)
2. localMax=peak_local_max(image,indices=False,min_distance=10,labels=thres
holding)
3. markers=ndimage.label(localMax,structure=np.ones((3,3)))[0]
4. labels=watershed(Dist,markers,mask=thresh)

7KHQWKHZDWHUVKHGIXQFWLRQZLOOUHWXUQWKHUHVXOWDVDQDUUD\ZKLFKKDVWKHVDPH
GLPHQVLRQRIWKHRULJLQDOLPDJHDQGHDFKSL[HOKDVDXQLTXHYDOXH,WZLOOEHNQRZQDVWKHSL[HO
ZKLFKKDVWKHVDPHYDOXHZLOOEHLQWKHVDPHREMHFW
)LQDOO\JLYHQWKHFRQWRXURIWKHREMHFWVE\GUDZLQJDERXQGDU\VXUURXQGLQJHDFKREMHFW
ZKLFKKDVEHHQLGHQWLILHGEHIRUHDQGGLVSOD\WKHPRQWRRXWSXWVFUHHQDVVKRZQLQ)LJXUH,Q
RUGHUWRYLVXDOL]HWKRVHGHWHFWHGREMHFWVDORRSRYHUXQLTXHYDOXHVSURFHGXUHLVEHLQJGRQHE\
IRUORRSIXQFWLRQ7KHFRPSOHWHFRGHRI3\WKRQSURJUDPPLQJRIWKLVPHWKRGLVVKRZQLQ
$SSHQGL[%





)LJXUH5HVXOWRIVHJPHQWDWLRQZKHQXVLQJPHDQVKLIWILOWHULQJ

:DWHUVKHG6HJPHQWDWLRQZLWK*DXVVLDQ)LOWHULQJ7KHUHPDLQLQJPHWKRGRILPDJH
ILOWHULQJLVWRDSSO\*DXVVLDQILOWHUEHIRUHKDQGOLQJWKHZDWHUVKHGVHJPHQWDWLRQSURFHGXUH
'XULQJWKHVWXG\SHULRG,IRXQGWKDWWKHLGHQWLILFDWLRQRIWKHSRLQWZLWKPD[LPXPKHLJKWRIHDFK
]RQHZLOOEHDIIHFWHGWRWKHDFFXUDF\OHYHOZKHQWKHFRPSXWHUHYHQKDVUHFRJQL]HGWKHORZVKUXE
LQVWHDGRIRQO\KLJKWUHHV7KHUHIRUHVXUIDFHVPRRWKLQJKHOSUHVHDUFKHUHOLPLQDWHWKLVSRLQW
,QRUGHUWRJHWWKHEHVWUHVXOWWKHSDUDPHWHUVRIWKH*DXVVLDQILOWHUDUHDGMXVWHGJUDGXDOO\
XQWLOWKHUHVXOWVDUHFORVHWRWKHUHDOLW\ZKLOHYLVXDOO\FRPSDUHGZLWKWKHRULJLQDODHULDO
SKRWRJUDSKVWDNHQDWWKHVWXG\VLWH
*DXVVLDQILOWHULQJEDVLFDOO\LVDNHUQHOGHILQHGDV
GD x; y; V  
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ZKHUHx, yLVWKHGLVWDQFHIURPWKHRULJLQDOSRLQWLQWKHKRUL]RQWDODQGYHUWLFDOD[LVUHVSHFWLYHO\
DQGV LVWKHVWDQGDUGGHYLDWLRQRIWKH*DXVVLDQGLVWULEXWLRQ:KHQDSSOLHGWKLVIRUPXODLQWZR
GLPHQVLRQVLWFUHDWHVDVXUIDFHWKDWFRQWRXUVDUHFRQFHQWULFFLUFOHVZLWK*DXVVLDQGLVWULEXWLRQ
IURPWKHFHQWHUSRLQW7KHYDOXHRIWKLVGLVWULEXWLRQLVXVHGWREXLOGFRQYROXWLRQPDWUL[LVDSSOLHG
WRWKHRULJLQDOLPDJH 6KDSLUR/*DQG6WRFNPDQ*& 
7KHQHZYDOXHRIHDFKSL[HOLVVHWWRZHLJKWHGDYHUDJHQXPEHURISL[HOVRIWKDW
QHLJKERUKRRG7KHRULJLQDOSL[HOYDOXHVUHFHLYHGWKHKHDYLHVWZHLJKW *DXVVLDQKLJKHVWYDOXH 
DQGWKHQHLJKERULQJSL[HOVJHWVPDOOHUZHLJKWV%\WKLVZD\LWZLOOVPRRWKRXWPDQ\
XQQHFHVVDU\ORFDOYDULDWLRQVRQWKH&+0VRWKDWODUJHUWUHH¶VERXQGDULHVZLOOEHHQKDQFHG
6\QWD[
scipy.ndimage.gaussian_filter(input, sigma, order=0, output=None,
mode='reflect', cval=0.0, truncate=4.0)

ZKHUHinputLVWKHDUUD\ILOHZKLFKZDVLPSRUWHGE\XVLQJUDVWHULRDQGWKHLPSRUWDQWVLJPD
SDUDPHWHUZKLFKGHFLGHWKHVPRRWKQHVVRIILOWHULQJSURFHVV$IWHUDSSO\LQJWKH*DXVVLDQILOWHU
DQGSHDNORFDOPD[LPDSURFHVVWKHUHVXOWKDVEHHQVKRZQLQWKH)LJXUH
$IWHUWKDWDSSO\WKHVDPHSURFHGXUHVRIWKHZDWHUVKHGVHJPHQWDWLRQWRJHWWKHLPDJHWR
EHVHJPHQWHG7KHUHVXOWRILPDJHVHJPHQWDWLRQLQFDVHRIXVLQJ*DXVVLDQILOWHUZDVGLVSOD\HGDV
DQLPDJHLQ)LJXUHDQGVFDWWHUHGDV'PRGHOLQ)LJXUHD%\YLVXDOO\H[DPLQLQJZLWKWKH
KHOSRIRULJLQDODHULDOSKRWRVDQGPRVDLFNHGRUWKRSKRWRVWKHWUHHH[WUDFWHGIURP*DXVVLDQEDVHG
ZDWHUVKHGVHJPHQWDWLRQLVVLJQLILFDQWO\PRUHDFFXUDWHFRPSDULQJWRPHDQVKLIWILOWHULQJ
ZDWHUVKHGVHJPHQWDWLRQ7KH$SSHQGL[&LQFOXGHGDOOWKHFRGHVRIWKLVPHWKRG





)LJXUH5HVXOWRIORFDOPD[LPDFODVVLILFDWLRQDIWHUDSSO\LQJ*DXVVLDQILOWHU



)LJXUH,PDJHVHJPHQWDWLRQUHVXOW





7KHWUHHKHLJKWLVFDOFXODWHGEDVHGRQWKHWUHHGLVWULEXWLRQIURP*DXVVLDQZDWHUVKHG

VHJPHQWDWLRQ7KHWRSRIWUHHVDUHFRQVLGHUHGDVWKHORFDOPD[LPDZKLFKKDYHEHHQIRXQGWKH
FRRUGLQDWHVRIWKRVHORFDOPD[LPDSRLQWVDUHH[WUDFWHGWKURXJKSHDNBORFDOBPD[IXQFWLRQ%\
XVLQJWKHYDOXHRIWKHVHFRRUGLQDWHVWKHSL[HOYDOXHRQWKHRULJLQDO'60DUHH[WUDFWHG6LQFH
WKHUHLVQRGDWDEDVHDERXWWKH'70OHYHOJURXQGLVDVVXPHGDQGWKHWUHHKHLJKWUHVXOWVDUH
REWDLQHGE\VXEWUDFWLQJWKHJURXQGHOHYDWLRQYDOXHVIURP'60YDOXHV7KHUHVXOWFDQEHVHHQLQ
)LJXUHE7KHFRGHRIWKLVPHWKRGLVLQWKH$SSHQGL['



)LJXUHD'PRGHORIORFDOPD[LPDE'PRGHORIWUHHVKHLJKW
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%DVHGRQWKHUHVXOWVREWDLQHGIURPWKHWZRFDVHVKDYHDSSOLHGGLIIHUHQWILOWHUVZKLFKDUH
PHDQVKLIWILOWHUDQG*DXVVLDQILOWHUWKHUHVXOWVREWDLQHGKDYHEHHQOLVWHGLQ7DEOH7KH
*DXVVLDQILOWHULVPRUHHIIHFWLYHDQGDFFXUDWHWKDQPHDQVKLIWILOWHULQLGHQWLI\LQJWUHHVE\
YLVXDOO\H[DPLQLQJWKHUHVXOWVZLWKDHULDOSKRWRVPRVDLFHGRUWKRSKRWRDQGJURXQGUHIHUHQFHGDWD
)LJXUH 

7DEOH6HJPHQWDWLRQUHVXOWV


1XPEHURIVHJPHQWV WUHHV UHFRJQL]HG

0HWKRG

1XPEHU

:LWKPHDQVKLIWILOWHULQJ



:LWK*DXVVLDQILOWHULQJ





7KHUHDUHVHYHUDOOLPLWDWLRQVRIDSSO\LQJ'60ZDWHUVKHGVHJPHQWDWLRQDOJRULWKP7KH
PDLQFKDOOHQJHOLHVLQWKDWLWLVGLIILFXOWWRGHWHUPLQHWKHWUXHSRLQWVRIORFDOPD[LPD'60LVQRW
SUHFLVHHQRXJKWRVHSDUDWHGFOHDUO\EHWZHHQQHLJKERULQJWUHHVLIWKHFDQRS\LVGHQVH:KHQWZR
RUPRUHWUHHVDUHWRRFORVHWKHDOJRULWKPFDQRQO\LGHQWLI\RQHWUHH )LJXUH$ 6RPHWLPHVLQ
WKHVDPHWUHHWKHUHDUHWZRZLGHVSUHDGEUDQFKHVZLWKGLIIHUHQWKHLJKWVWKHDOJRULWKPFDQ
PLVWDNHQO\LGHQWLI\WZRLQGLYLGXDOWUHHV )LJXUH& 





$%
)LJXUH5HVXOWVIURPWZRSUHSURFHVVLQJILOWHUV
$0HDQVKLIWILOWHU%*DXVVLDQILOWHU






$%
)LJXUH5HVXOWZKHQDSSO\LQJPHDQVKLIWILOWHU $ DQGWKH&DQRS\+HLJKWPRGHO % 









)LJXUH$±7ZRSODQWVWRRFORVHWKHQRQO\RQHEHLQJUHFRJQL]HG%±7KUHHVHSDUDWHO\SODQWV
WKHQWKH\FDQEHUHFRJQL]HGDFFXUDWHO\&±2QHWUHHEXWZLWKWZRGLIIHUHQWZLGHVSUHDGHOHYDWLRQ
WKHQWREHUHFRJQL]HGDVWZR'±7ZRLQGLYLGXDOSODQWVWKHQWKH\FDQEHUHFRJQL]HGDFFXUDWHO\





,QRUGHUWRSURYLGHDQDFFXUDF\VWDWLVWLFDERXWWKHVHJPHQWDWLRQUHVXOWVWKH5RRW0HDQ

6TXDUH(UURU 506( VWDWLVWLFPHWKRGLVLPSOHPHQWHG%HFDXVHRIWKHDFWXDOTXDQWLW\RIWUHHVRQ
WKHVWXG\VLWHLVQRWSURYLGHGDQGFDQQRWEHFRXQWHGDWWKHVLWHWKHUHDUHWKLUW\LQGLYLGXDOWUHHV
KDVEHHQFKRVHQRQWKH'60WRSHUIRUPWKHVWDWLVWLFEDVHRQWKHSL[HOYDOXHVRQWKHLPDJHV


7KH5RRW0HDQ6TXDUH(UURULVFDOFXODWHGE\



506( ට σே
ଵ ൫݄ሺ௫ǡ௬ሻ െ ݄ሺ௫ǡ௬ሻ ൯ 



:KHUH
x 1LVWKHVDPSOHVL]H1 
x K [\ LVWKHSL[HOYDOXHRQWKH'60
x K [\ LVWKHSL[HOYDOXHZLWKWKHFRRUGLQDWHV [\ RQWKHILOWHUHGLPDJH



)LJXUHLVWKHHUURUJUDSKRIWKH6XPRI6TXDUH(UURUDQGWKH506(UHVXOWLVVKRZQLQ

ଵ

ଶ

ே

WKH7DEOH7KH\VKRZWKDWWKHPHDQVKLIWILOWHULPDJHKDVDODUJHGHYLDWLRQIURPWKH'60
ZKHQWKH*DXVVLDQILOWHULPDJHKDVDORZGHYLDWLRQIURPWKH'607KLVSURYHVWKDWWKH
VHJPHQWDWLRQUHVXOWXVLQJPHDQVKLIWILOWHUKDVODUJHUHUURUTXLWHVLPLODUWRWKHUHVXOWZKLFKLV
VKRZQLQWKHLPDJHV



)LJXUH6XPRI6TXDUH(UURUJUDSK


7DEOH506(UHVXOWRIWKHVHOHFWHGWUHHV

6XPRI6TXDUH(UURU
3RLQW
;
<
66(0HDQVKLIW











 































 







 







































































5RRW0HDQ6TXDUH(UURURI0HDQ6KLIWILOWHU
5RRW0HDQ6TXDUH(UURURI*DXVVLDQILOWHU
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7KHPRWLYDWLRQRIWKHVWXG\LVWRUHFRQVWUXFW'GLJLWDOVXUIDFHPRGHOIURPWKHFDSWXUHG
LPDJHVIURPXQPDQQHGDHULDOV\VWHPWKURXJKSKRWRJUDPPHWU\DQGWKHQH[WUDFWLQGLYLGXDOWUHHV
WKURXJKLPDJHVHJPHQWDWLRQDSSURDFK$VDPRGHUQSKRWRJUDPPHWULFVRIWZDUH$JLVRIW
3KRWR6FDQLVSURYLGHDQH[FHOOHQWUHVXOWE\LGHQWLI\LQJWLHSRLQWVHIILFLHQWO\DQGIXUWKHUJHQHUDWH
GHQVHSRLQWFORXGVDQG'607KHUHVXOWRI'LPDJHUHFRQVWUXFWLRQLVHYDOXDWHGDVVXFFHVVIXO
ZKHQWKH'VFHQHRIWKHVWXG\VLWHKDVEHHQUHFRQVWUXFWHGFRPSDULQJWR*&3V
7KHZDWHUVKHGVHJPHQWDWLRQLVWHVWHGZLWKPHDQVKLIWILOWHUDQG*DXVVLDQILOWHUVWRH[WUDFW
LQGLYLGXDOWUHHVIURPWKHGHULYHG'60:DWHUVKHGVHJPHQWDWLRQDOJRULWKPKDVVLPSOLILHG
PHPRU\DFFHVVOHDVWFRPSXWDWLRQDOFRPSOH[LW\DQGJRRGVHJPHQWDWLRQUHVXOWVFRPSDUHGWRWKH
RWKHULPDJHVHJPHQWDWLRQDOJRULWKPV6HJPHQWDWLRQUHVXOWVDUHYLVXDOO\DFFHSWDEOHZKHQXVLQJ
*DXVVLDQILOWHU+RZHYHUWKHSHUIRUPDQFHRIWKHPHDQVKLIWILOWHULVQRWVDWLVIDFWRU\
7KHUHLVVWLOODQRYHUVHJPHQWDWLRQSKHQRPHQRQDIWHUWKHSUHSURFHVVLQJDQG
VHJPHQWDWLRQVWHSVDQGKHQFHDSRVWSURFHVVLQJVWHSLVQHFHVVDU\WRUHPRYHWKHRYHU
VHJPHQWDWLRQV7KHLPSOHPHQWHGZDWHUVKHGVHJPHQWDWLRQDOJRULWKPKDVWKHSRWHQWLDOWRXVHIRU
GLIIHUHQWVWXGLHVRQPRQLWRULQJYDULRXVW\SHVRIQDWXUDODQGDJULFXOWXUDOYHJHWDWLRQDUHDZKHQ
XVLQJWKHGDWDIURPDHULDOSKRWRVZKLFKLVPXFKHDVLHUDQGFKHDSHUWKDQXVLQJWKHGDWDIURP
/L'$5WHFKQRORJ\
,QWKLVVWXG\GXHWRFRQGLWLRQVDQGOLPLWDWLRQVZKLFKZHUHQRWDOORZLQJWRLQYROYHLQ
PHDVXUHPHQWDWWKHVWXG\VLWHLQVSHFWLRQDQGPHDVXUHPHQWRQWKHLPDJHVFROOHFWHGVRWKLVVWXG\
FDQQRWSURYLGHPRUHGHWDLOHGDFFXUDF\DVVHVVPHQWLQWHUPVRIWUHHFRXQWLQJ+RZHYHUWKH
PHWKRGDQGRSHQVRXUFH3\WKRQFRGHVSURYLGHGLQWKHVWXG\VKRZVWKHSRWHQWLDOWRDFFHOHUDWHWKH



WLPHFRQVXPLQJODERUZRUNDQGZLOOEHQHILWVFLHQWLVWVLQVXUYH\LQJDQGPRQLWRULQJWKHJURZWK
UDWHRIWKHZRRGODQGRUIRUHVWV
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$JL6RIW3KRWR6FDQ3URIHVVLRQDO 6RIWZDUH $YDLODEOHDW
KWWSZZZDJLVRIWFRPGRZQORDGVLQVWDOOHU

$QQDOD/0(VNHOLQHQ-+lPlOlLQHQ$5LLKLQHQDQG,3|O|QHQ3UDFWLFDODSSURDFK
IRUK\SHUVSHFWUDOLPDJHSURFHVVLQJLQ3\WKRQISPRS - International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences;/,,SS

%HUWUDP77%RFN$%XOJDNRYDQG$(YJHQRY*HQHUDWLRQWKH'0RGHO%XLOGLQJ
E\8VLQJWKH4XDGFRSWHUProceedings of the 31st International Symposium on
Automation and Robotics in Construction and Mining ,6$5& 

%RWWDL//$UFLGLDFR0&KLHVL)0DVHOOL$SSOLFDWLRQRIDVLQJOHWUHHLGHQWLILFDWLRQ
DOJRULWKPWR/L'$5GDWDIRUWKHVLPXODWLRQRIVWHPYROXPHFXUUHQWDQQXDOLQFUHPHQWJ.
Appl. Remote SensS

&DHLUR-03LHGDGHDQG($WDtGH,PDJH3URFHVVLQJDQGD3\WKRQ*,03%DVHG
$OJRULWKP'HYHORSPHQW(QYLURQPHQW

)DONRZVNL0-$066PLWK$7+XGDN3(*HVVOHU/$9LHUOLQJDQG1/&URRNVWRQ
$XWRPDWHGHVWLPDWLRQRILQGLYLGXDOFRQLIHUWUHHKHLJKWDQGFURZQGLDPHWHUYLD
WZRGLPHQVLRQDOVSDWLDOZDYHOHWDQDO\VLVRI/L'$5GDWDCanadian Journal of Remote
sensing  

*'$/'HYHORSPHQW7HDP*GDOJHRVSDWLDOGDWDDEVWUDFWLRQOLEUDU\YHUVLRQ
2IILFLDOZHEVLWHKWWSZZZJGDORUJ

*LOOLHV6et al.±5DVWHULRJHRVSDWLDOUDVWHULRIRU3\WKRQSURJUDPPHUV6RXUFHFRGH
DYDLODEOHDWKWWSVJLWKXEFRPPDSER[UDVWHULR

*XSWD6DQG'6KXNOD$SSOLFDWLRQRIGURQHIRUODQGVOLGHPDSSLQJGLPHQVLRQ
HVWLPDWLRQDQGLWV'UHFRQVWUXFWLRQJournal of the Indian Society of Remote Sensing

+R\HU6DQG-+DPPDQ;DUUD\1'ODEHOHGDUUD\VDQGGDWDVHWVLQ3\WKRQJournal of
Open Research Software6RXUFHFRGHDYDLODEOHDWKWWSVJLWKXEFRPS\GDWD[DUUD\

,RYDQ&'%ROGRDQG0&RUG'HWHFWLRQVHJPHQWDWLRQDQGFKDUDFWHUL]DWLRQRI
YHJHWDWLRQLQKLJKUHVROXWLRQDHULDOLPDJHVIRU'FLW\PRGHOOLQJThe International
Archives of the Photogrammetry, Remote sensing and Spatial information Science9RO
;;;9,,3DUW%D%HLMLQJ




.LP&+0RRQDQG:/HH'DWDPDQDJHPHQWIUDPHZRUNRIGURQHEDVHG'PRGHO
UHFRQVWUXFWLRQRIGLVDVWHUVLWHISPRS - International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences;/,%SS

/DOLEHUWH$6$5DQJR.0+DYVWDG-)3DULV5)%HFN50F1HHO\DQG$/*RQ]DOH]
2EMHFWRULHQWHGLPDJHDQDO\VLVIRUPDSSLQJVKUXEHQFURDFKPHQWIURPWR
LQ6RXWKHUQ1HZ0H[LFRRemote sensing of Environment  

/DOLEHUWH$6(/)UHGULFNVRQDQG$5DQJR&RPELQLQJGHFLVLRQWUHHVZLWK
KLHUDUFKLFDOREMHFWRRULHQWHGLPDJHDQDO\VLVIRUPDSSLQJDULGUDQJHODQGV
Photogrammetric Engineering and Remote sensing  

0LDR;;4LX6:X-/XR'5*RX]LHDQG+;LH'HYHORSLQJ(IILFLHQW
3URFHGXUHVIRU$XWRPDWHG6LQNKROH([WUDFWLRQIURP/LGDU'60VPhotogrammetric
Engineering & Remote Sensing,79  GRLSHUV

2SHQ&9GHYHORSPHQWWHDP QG 5HWULHYHGIURPKWWSVGRFVRSHQFYRUJ
EHWDPRGXOHVLPJSURFGRFILOWHULQJKWPO

3HGUHJRVD)*9DURTXDX[$*UDPIRUW90LFKHO%7KLULRQ2*ULVHO0%ORQGHO3
3UHWWHQKRIHU5:HLVV9'XERXUJ-9DQGHUSODV$3DVVRV'&RXUQDSHDX0
%UXFKHU03HUURWDQG('XFKHVQD\6FLNLWOHDUQ0DFKLQHOHDUQLQJLQ3\WKRQ
Journal of Machine Learning ResearchSS±

3HUHLUD3-+:HLQDFNHU%.RFKDQG0%6FKLPDOVNL6FLNLWLPDJHIRUWUHHVORFDO
PD[LPDGHWHFWLRQ

3RXOLRW'$'-.LQJ):%HOODQG'*3LWW$XWRPDWHGWUHHFURZQGHWHFWLRQDQG
GHOLQHDWLRQLQKLJKUHVROXWLRQGLJLWDOFDPHUDLPDJHU\RIFRQLIHURXVIRUHVWUHJHQHUDWLRQ
Remote Sens. Environ

6FLNLWLPDJHGHYHORSPHQWWHDP QG 5HWULHYHGIURPKWWSVVFLNLW
LPDJHRUJGRFVGHYDSLVNLPDJHIHDWXUHKWPOVNLPDJHIHDWXUHSHDNBORFDOBPD[

6HEHVWD5:&RQFHSWVRI3URJUDPPLQJ/DQJXDJHVWK(GLWLRQ$GGLVRQ:HVOH\

6KDSLUR/*DQG*&6WRFNPDQComputer VisionSDJH3UHQWLFH+DOO

6RQND09+ODYDFDQG5%R\OHImage Processing, Analysis, and Machine Vision
3:63XEOLVKLQJ

6WUvPEX9)DQG0%6WUvPEX$JUDSKEDVHGVHJPHQWDWLRQDOJRULWKPIRUWUHHFURZQ
H[WUDFWLRQXVLQJDLUERUQH/L'$5GDWDISPRS Journal of Photogrammetry and Remote
Sensing,6619RO3DJH





7KH6FLS\FRPPXQLW\ QG 5HWULHYHGIURP
KWWSVVFLS\JLWKXELRGHYGRFVJHQHUDWHGVFLS\QGLPDJHJDXVVLDQBILOWHUKWPOVFLS\QGLP
DJHJDXVVLDQBILOWHU

YDQGHU:DOW6-/6FKRQEHUJHU-1XQH],JOHVLDV)%RXORJQH-':DUQHU1<DJHU(
*RXLOODUW7<XDQGWKHVFLNLWLPDJHFRQWULEXWRUVScikit-image: image processing
in Python3HHU-SSH6RXUFHFRGHDYDLODEOHDWKWWSVJLWKXEFRPVFLNLW
LPDJHVFLNLWLPDJH

<RXVHIL-Image Binarization using Otsu Thresholding Algorithm8QLYHUVLW\RI*XHOSK
2QWDULR&DQDGD

=KDR.DQG63RSHVFX+LHUDUFKLFDOZDWHUVKHGVHJPHQWDWLRQRIFDQRS\KHLJKWPRGHO
IRUPXOWLVFDOHIRUHVWLQYHQWRU\Proceedings of the ISPRS Workshop on Laser Scanning
2007DQGSilviLaser 20076HSWHPEHU(VSRR)LQODQGSS±
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$SSHQGL[$3URFHVVLQJ3DUDPHWHUV
*HQHUDO
&DPHUDV
$OLJQHGFDPHUDV
0DUNHUV
&RRUGLQDWHV\VWHP:*6870]RQH1 (36* 
3RLQW&ORXG
3RLQWVRI
506UHSURMHFWLRQHUURU SL[ 
0D[UHSURMHFWLRQHUURU SL[ 
0HDQNH\SRLQWVL]HSL[
(IIHFWLYHRYHUODS
$OLJQPHQWSDUDPHWHUV
$FFXUDF\+LJK
3DLUSUHVHOHFWLRQ*HQHULF
.H\SRLQWOLPLW
7LHSRLQWOLPLW
&RQVWUDLQIHDWXUHVE\PDVN1R
$GDSWLYHFDPHUDPRGHOILWWLQJ<HV
0DWFKLQJWLPHPLQXWHVVHFRQGV
$OLJQPHQWWLPHPLQXWHVVHFRQGV



2SWLPL]DWLRQSDUDPHWHUV
3DUDPHWHUVIENNSS
2SWLPL]DWLRQWLPHVHFRQGV
'HSWK0DSV
&RXQW
5HFRQVWUXFWLRQSDUDPHWHUV
4XDOLW\0HGLXP
)LOWHULQJPRGH0RGHUDWH
3URFHVVLQJWLPHPLQXWHVVHFRQGV
'HQVH3RLQW&ORXG
3RLQWV
5HFRQVWUXFWLRQSDUDPHWHUV
4XDOLW\0HGLXP
'HSWKILOWHULQJ0RGHUDWH
'HSWKPDSVJHQHUDWLRQWLPHPLQXWHVVHFRQGV
'HQVHFORXGJHQHUDWLRQWLPHPLQXWHVVHFRQGV
'(0
6L]H[
&RRUGLQDWHV\VWHP:*6870]RQH1 (36* 
5HFRQVWUXFWLRQSDUDPHWHUV
6RXUFHGDWD'HQVHFORXG
,QWHUSRODWLRQ(QDEOHG
3URFHVVLQJWLPHPLQXWHVVHFRQGV



6RIWZDUH
9HUVLRQEXLOG
3ODWIRUP:LQGRZVELW

$SSHQGL[%6RXUFHFRGHZLWKPHDQVKLIWILOWHULQJ
1. fromskimage.featureimportpeak_local_max
2. fromskimage.morphologyimportwatershed
3. fromscipyimportndimage
4. importcv2
5. fromosgeoimportgdal
6. importnumpyasnp
7. fromskimage.featureimportpeak_local_max
8. fromscipy.ndimageimportgaussian_filter,distance_transform_edt
9. importmatplotlib.pyplotasplt
10.importimutils
11.fromskimageimportdata
12.
13.image=cv2.imread('C:/Users/DuongHaHai/Documents/AllinUS/MSU/Thesis
/Pythoncode/thesis_new8bit.tif')
14.shifted=cv2.pyrMeanShiftFiltering(image,2,20)#/Support8Ş
bitonly
15.img=cv2.resize(image,(600,600))
16.cv2.imshow('Input',img)
17.sht=cv2.resize(shifted,(600,600))
18.cv2.imshow('Shifted',sht)
19.print('Shift',shifted.dtype)



20.
21.gray=cv2.cvtColor(shifted,cv2.COLOR_BGR2GRAY)
22.thresh=cv2.adaptiveThreshold(gray,255,cv2.ADAPTIVE_THRESH_MEAN_C,
cv2.THRESH_BINARY,25,5)
23.thr=cv2.resize(thresh,(600,600))
24.cv2.imshow('Threshold',thr)
25.print('Thres',thresh.dtype)
26.
27.Dist=distance_transform_edt(thresh)
28.print(Dist.shape)
29.ds=cv2.resize(Dist,(600,600))
30.cv2.imshow('EDT',ds)
31.
32.localMax=peak_local_max(Dist,indices=False,labels=thresh)
33.coordinates=peak_local_max(image,min_distance=3)
34.print(coordinates)
35.
36.markers=ndimage.label(localMax)[0]
37.labels=watershed(Dist,markers,mask=thresh)
38.print("[INFO]{}uniquesegmentsfound".format(len(np.unique(labels))Ş
1))
39.
40.forlabelinnp.unique(labels):
41.iflabel==0:
42.continue
43.mask=np.zeros(gray.shape,dtype="uint8")
44.mask[labels==label]=255



45.contours=cv2.findContours(mask.copy(),cv2.RETR_EXTERNAL,cv2.CHAI
N_APPROX_SIMPLE)[Ş2]
46.circle=max(contours,key=cv2.contourArea)
47.((x,y),r)=cv2.minEnclosingCircle(circle)
48.cv2.circle(image,(int(x),int(y)),int(r),(0,255,0),2)
49.cv2.putText(image,"+",(int(x)Ş10,int(y)),cv2.FONT_HERSHEY_COMP
LEX,0.6,(0,0,255),2)
50.
51.fig,ax=plt.subplots(figsize=(8,8))
52.ax.imshow(image,cmap=plt.cm.gray)
53.ax.autoscale(False)
54.ax.plot(labels[:,1],labels[:,0],'o',markersize=7,markeredgewidth=1,
markeredgecolor='r',markerfacecolor='None')
55.ax.set_title('Treesegmented')
56.ax.set_axis_off()
57.
58.plt.show()


$SSHQGL[&6RXUFHFRGHZLWK*DXVVLDQILOWHULQJ
1. from__future__importprint_function
2. fromskimage.featureimportpeak_local_max
3. fromskimage.morphologyimportwatershed
4. fromscipyimportndimage
5. fromskimageimportimg_as_float
6. importrasterio
7. fromrasterio.plotimportplotting_extent



8. fromosgeoimportgdal
9. importnumpyasnp
10.importcv2
11.importmatplotlib.pyplotasplt
12.fromscipy.ndimageimportgaussian_filter,median_filter
13.importimutils
14.
15.withrasterio.open('C:/Users/DuongHaHai/Documents/AllinUS/MSU/Thesis
/Pythoncode/Thesis.tif')asdsm:
16.dsm_im=dsm.read(1,masked=True)
17.bounds=plotting_extent(dsm)
18.
19.im_gaus=gaussian_filter(dsm_im,sigma=13.5)
20.
21.fig,ax=plt.subplots(figsize=(8,8))
22.dsm_plot=ax.imshow(dsm_im,cmap='plasma')
23.fig.colorbar(dsm_plot,fraction=.023,ax=ax)
24.ax.set_title("CanopyHeightModelŞCHM")
25.ax.set_axis_off()
26.
27.thresh=cv2.threshold(im_gaus,0,255,cv2.THRESH_BINARY)[1]
28.fig,ax=plt.subplots(figsize=(8,8))
29.ax.imshow(thresh,cmap=plt.cm.gray)
30.ax.autoscale(False)
31.ax.set_title('Thresh')
32.ax.set_axis_off()
33.
34.Dist=ndimage.distance_transform_edt(im_gaus)



35.localMax=peak_local_max(im_gaus,min_distance=3,indices=False)
36.
37.markers=ndimage.label(localMax)[0]
38.labels=watershed(Dist,markers,mask=dsm_im)
39.numbers=len(np.unique(labels))
40.print('Numbersofdetectedtrees=',numbers)
41.
42.fig,ax=plt.subplots(figsize=(8,8))
43.ax.imshow(dsm_im,cmap=plt.cm.gray)
44.ax.autoscale(True)
45.ax.set_title('Treetop')
46.ax.set_axis_off()
47.forlabelinnp.unique(labels):
48.iflabel==0:
49.continue
50.mask=np.zeros(dsm_im.shape,dtype="uint8")
51.mask[labels==label]=255
52.contours=cv2.findContours(mask.copy(),cv2.RETR_EXTERNAL,cv2.
CHAIN_APPROX_SIMPLE)[Ş2]
53.circle=max(contours,key=cv2.contourArea)
54.((x,y),r)=cv2.minEnclosingCircle(circle)
55.cv2.circle(dsm_im,(int(x),int(y)),int(r),(0,255,0),2)
56.ax.plot((int(x),int(y)),'o',markersize=int(r),markeredgewidth
=1,markeredgecolor='r',markerfacecolor='None')






$SSHQGL['6RXUFHFRGHRIWUHHKHLJKWFDOFXODWLRQ
1. importgdal
2. importnumpyasnp
3. importscipy
4. importscipy.ndimageasndimage
5. fromosgeoimportgdal
6. importrasterio
7. fromscipy.ndimageimportgaussian_filter,median_filter
8. fromskimage.featureimportpeak_local_max
9. 
10.withrasterio.open('C:/Users/DuongHaHai/Documents/AllinUS/MSU/Thesis
/Pythoncode/thesis.tif','r')asds:
11.arr=ds.read(1,masked=True)#readallrastervalues
12.withrasterio.open('C:/Users/DuongHaHai/Documents/AllinUS/MSU/Thesis
/Pythoncode/thesis.tif','r')asimg:
13.h=img.read()#readallrastervalues
14.
15.im_gaus=gaussian_filter(arr,sigma=13.5)
16.coordinates=peak_local_max(im_gaus,min_distance=3)
17.
18.x=0
19.X=[]
20.foriinrange(0,coordinates.shape[0]):
21.x=coordinates[i,0]
22.X.append(x)
23.print(X)
24.



25.print('++++')
26.
27.y=0
28.Y=[]
29.foriinrange(0,coordinates.shape[0]):
30.y=coordinates[i,1]
31.Y.append(y)
32.
33.z=0
34.Z=[]
35.m=0
36.n=0
37.foriinrange(0,len(X)):
38.m=X[i]
39.n=Y[i]
40.z=h[0,m,n]
41.Z.append(z)
42.
43.print('Thetreeisrespectivelywithcoordinates:')
44.Zi=np.zeros(len(X))
45.dx=np.ones(len(X))
46.dy=np.ones(len(Y))
47.dz=Z
48.fig=plt.figure()
49.ax=Axes3D(fig)
50.ax.bar3d(X,Y,Zi,dx,dy,dz,color='r',zsort='max')
51.ax.scatter3D(X,Y,Z,c=Z,cmap=plt.cm.jet)
52.plt.show()



